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ABSTRACT. US Geological Survey glacier fieldwork in Alaska
includes repetitious measurements, corrections for leaning or
bending stakes, an ability to reliably measure seasona snow as
deep as10m, absol uteidentification of summer surfacesintheac-
cumulation area, and annual evaluation of internal accumulation,
internal ablation, and glacier-thickness changes.

Prescribed field measurement and note-taking techniques help
eliminate field errors and expedite the interpretative process. In
the office, field notes are transferred to computerized spread-
sheetsfor anaysis, release on the World Wide Web, and archival
storage. The spreadsheets have error traps to help eliminate note-
taking and transcription errors. Rigorouserror anaysisendswhen
mass-bal ance measurements are extrapol ated and integrated with
areato determine glacier and basin mass balances. Unassessable
errorsin the glacier and basin mass-balance datareduce the value
of the data set for correlations with climate change indices.

The minimum glacier mass-balance program has at least three
measurement sites on a glacier and the measurements must in-
clude the seasonal components of mass balance aswell asthe an-
nua balance.

Introduction

The US Geological Survey (USGS) began mass
balance measurements on Gulkana and Wolverine
Glaciersin Alaska (Fig. 1) during 1966 as part of
the United States’ contribution to the International
Hydrologic Decade study of glaciers. Inadditionto
the mass-bal ance measurements, runoff and mete-
orological recorders were installed in the basins.
Since 1966, the net balance, accumulation, abla-
tion, accumulation arearatio (AAR), and equilib-
rium line altitude (ELA) for Gulkana and Wolver-
ine Glaciershave been published by theWorld Gla-
cier Monitoring Service (Kasser 1967; Mduller
1977; Haeberli 1985, Haeberli and Miiller 1988;
Haeberli and Hoelzle 1993; and Haeberli et al.
1998). Mass balance dataare also regularly report-
ed in the Glacier Mass Balance Bulletin (for ex-
ample, Haeberli and Herren 1991). Detailed results
from 1966 and 1967 were reported by Meier et al.
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(1971) and Tangborn et al. (1977), respectively.
Measured winter snow balances and annua bal-
ancesfrom 1966 to 1977 werereported by Meier et
al. (1980). Balance studies were relatively intense
until the mid-1970s, after which spatial sampling
was reduced to three sites used asindices for mass
balance. During the early 1970s, measurements at
the three index sites were expanded to include ice-
motion and surface-altitude change (for determin-
ing glacier-volume change). The current program
continues mass-balance measurements at three
siteson each glacier (Fig. 1). The current measure-
ments at Gulkana and Wolverine Glaciers are in-
tended to sustain them as parts of the USGSBench-
mark Glacier Network of the United States (Foun-
tain et al. 1997, p. 8). The purpose of this paper is
to describe the essential components of the mass-
balance measurement program operated in Alaska
by the USGS and to use the 30-year time series of
measurements and climate regime shiftsto design
a minimum program for mass balance measure-
ments on other glaciers.

Gulkana Glacier

Gulkana Glacier (63°16'N, 145°28W, Fig. 1) isa
south-facing branched valley glacier, 8.5 km long
and 19.3 km? in area, on the southern flank of the
eastern Alaska Range in interior Alaska. The local
climate is continental not only becauseit is 310 km
from the nearest sea water, but also because it is
shielded from moisture-laden storms by two oro-
graphic barriers, the Chugach Mountains and either
the Wrangell or Talkeetna Mountains, depending
upon the storm direction. The average ELA is about
1770 m. GulkanaGlacier isabout 2 km fromtheend
of aseasonally passable road; therefore, summer ac-
cess by hiking and backpacking equipment is possi-
ble. Springtime access is normally by snowmobile,
beginning from the plowed highway about 8 km
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Fig. 1. Location map for the US Geological Survey benchmark glaciersin Alaska. On Wolverine Glacier, geodetically surveyed points
along thelongitudinal and transverse profiles are shown asfilled dots. The mass-bal ance measurement sites on both glaciers are shown
asopen circles.
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Cumulative Net Mass Balances of Benchmark Glaciers in Alaska
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from the terminus. Fall accessisusually by helicop-
ter. The helicopter-supported trip is used to resupply
the equipment cache and cabin. Index-site glacier-
surface and summer-surface altitudes, measured
winter balance, and net firn and ice balance from
1975 to 1983 were reported by Mayo and Trabant
(1986). Data for 1992 and 1993 were published by
March and Trabant (1996, 1997) and for 1994 by
March (1998). The cumul ative mass balance of Gul-
kanaGlacier (Fig. 2) indicatesanet thinning of 14.6
m (water equivalent) since 1966. Therate of thinning
hasnot been constant (Fig. 2). Furthermore, themass
balances of Gulkana Glacier have not yet been
checked for systematic errorsby comparisonwith an
independently measured glacier-volume change.
Theerror in each year’s measurement has been esti-
mated to beabout 0.2m (Meier etal. 1971; Tangborn
etal. 1977). Assuming that each year’serrorsaretru-
ly random standard errors, the cumulative standard
error for the 32-year period of record is1.1 m.

Wolverine Glacier

Wolverine Glacier (60°24'N, 148°54'W, Fig. 1) is
asouth-facing valley glacier, 7.1 kmlong and 18.0
km?Z in area, in the Kenai Mountains of the Kenai
Peninsula in south-central Alaska. Because Wol-
verine Glacier isonly 5 km from saltwater near the
southern coast of Alaska, thelocal climate is mar-
itime. The average ELA isabout 1200 m. Because
Wolverine Glacier isin aremote area, accessisal-
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ways by helicopter. Annual, summer, and winter
balances from 1966 to 1982 were correlated with
temperature trendsby Mayo and Trabant (1984). A
glacier volume change for the period 1974 and
1985 was estimated on the basis of geodetically
surveyed profiles (Mayo et al. 1985). The cumula-
tive net mass balance of Wolverine Glacier was ad-
justed to agree with measured volume change. The
correction decreased the annual area-averaged net-
mass-balance by 0.46 m water equivalent. Apply-
ing this adjusted-areaintegration schemeto theen-
tire record resulted in a cumulative mass balance
for Wolverine Glacier (Fig. 2) that indicates a net
thinning of 9.8 m (water equivalent) since 1966.
The error in each year’s measurement has been es-
timated to be about 0.2 m (Meier etal. 1971; Tang-
bornetal. 1977); thereforethe cumul ative error for
the 32-year period of record is estimated to be 1.1
m. The cumulative mass balance of Wolverine Gla-
cier (Fig. 2) shows a growth period between 1976
and 1988 followed by an unbroken series of nega-
tive mass balances until 1998, constituting the
most rapid rate of mass loss since the measure-
ments began.

Other glaciers

The operational techniques devel oped for measur-
ing the mass balance of Gulkana and Wolverine
Glaciers have been used on other glaciersin Alas-
ka. Notably, a 23-year record for 10 sites on Black
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Rapids Glacier has been reported by Heinrichs et
al. (1995). Black Rapids Glacier is a 40 km long
surge-type glacier located in the central Alaska
Range, about 35 km northwest of GulkanaGlacier.
Black Rapids Glacier has a surface area of 246
kmZ. During an intensive year of measurements on
ColumbiaGlacier (Mayo etal. 1979), 60 siteswere
measured on the 68-km long, 1100 km? glacier,
which calvesinto Prince William Sound near Val-
dez, Alaska. Four years of massbalances have been
reported for McCall Glacier, where as many as 57
measurement sites were maintained (Trabant and
Benson 1986). McCall Glacier is a north-facing
valley glacier on the north flank of the Brooks
Range in the northern part of Alaska (69°18'N,
143°48'W). It isabout 8 km long and has a surface
areaof 7.2 km?. Other Alaska glaciersthat are less
well reported and have shorter periods of observa-
tions are Knik Glacier (Mayo and Trabant 1982)
near Palmer, and Kahiltnaand TraleikaGlaciersin
Denali National Park.

Field methods
Benchmark glaciers

M ass-bal ance measurements on Gulkanaand Wol-
verine Glaciersare normally madethreetimeseach
year by afield party of two. The data are recorded
and reported using the combined mass-balance
system defined by Mayo et al. (1972) with the ad-
dition of evaluationsof internal accumulation (Tra-
bant and Mayo 1985) and internal ablation (March
and Trabant 1997).

M easuring the surface mass balance of any gla-
cier is simple in concept; however, commonly
overlooked detailsin fieldwork and record keeping
commonly complicate data analysis. Field tech-
niques have been developed to both expedite and
standardizefieldwork. The USGSglacier field pro-
gram in Alaska includes (1) prescribed standards
for recording notes; (2) redundant measurements,
(3) measurements for analyzing and correcting for
leaning, bending, or sinking of stakes; (4) reliable
measurement of seasonal snow asdeepas10m; (5)
absolute identification of summer surfaces in the
accumulation area; and (6) annual evaluation of in-
ternal accumulation.

Before the field trip begins, an estimate of the
current location of each stakeis plotted on alarge-
scale map. These maps include a history of dis-
placements, changesin the length of the stake, and
mass-balance readings for each stake near an ‘in-
dex point’. An index point is a fixed horizontal-
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space coordinatethat isthefocusfor al of thenear-
by measurements. Stakes are installed about one
year's displacement upglacier from theindex point
and are replaced at approximately one year inter-
vals. Glacier motion movesthe stake toward thein-
dex point, and usually beyond it before a stake is
abandoned.

Carefully recorded field measurements are a
fundamental necessity. Field measurementsarere-
corded on water-resistant paper, in astrictly serial
chronology of the fieldwork, and include all of the
field-measured components that constitute each
value (examples below).

When new stakes are installed, embossed-tape
labels are attached to the top of each stake section
(typically of 3 m length). Each label contains the
year, location on the glacier, and the distance, in
meters, from the bottom of the stake to the top of
each section. For example, the bottom section of a
stakeinstalled during 1998 near index site B would
be labeled 98-B-3m. The 3-m-long stake section
above that would be labeled 98-B-6m.

Glacier stakes are 1 inch inside diameter, thin-
wall steel tubing, cut to 3 m lengths with holes
drilled at 0.5 m intervals along the length. The
holes alow water to be exchanged and serve as
auxiliary length-reference points. Stake connec-
torsare0.3mlengthsof heavy-duty tubing that will
freely dide inside the stake sections. A snap-ring,
installed in a machined slot near the center of the
connector, prevents the connector from falling
completely into the lower stake. The bottom of the
stakeis plugged with atightly fitting wooden dow-
el that extends afew centimeters beyond the end of
the metal stake.

Measurement of the glacier surface at astakeis
made relative to the bottom of the stake; that is, the
recorded stake height of the glacier surface is the
length of stake that is below the surface. At the
sametime, the surface material isidentified and re-
corded. For example, if thetop of a6 m stakeis0.53
m above the glacier surface and the surface mate-
ria is snow, the notebook entry is ‘6.00 — 0.53m
snow top’. Thestake height of thesurfaceisintend-
ed to represent the average surface and ignores ab-
lation pits or minor drifting caused by the stakeiit-
self. The recognized surface materials are snow,
firn, superimposed ice, and ice (Mayo et al. 1972,
p. 3-14). If the surface material is discontinuous
(for example, fresh snow in the ablation zone), the
percentage of cover within afew tens of meters of
the stakeisnoted. If the surface material issnow or
superimposed ice, itsaverage depth and density are
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determined and recorded. The fundamental meas-
urement of the stake height of the glacier surfaceis
soimportant that it isindependently measured dur-
ing the geodetic survey that determinesthelocation
of the stake.

All stakesand thelocal glacier-surfaceslopeand
altitude are geodetically surveyed during each visit
using a theodolite and laser distance-measuring
equipment. The surveying data are usually gath-
ered to support a combination of resection and
foresight calculations (Mayo and Trabant 1982, p.
3-5). Stakelocation, lean of the stake, and the stake
height of theglacier surfacearecal culated fromthe
survey data. Stake locations are calculated for the
bottom of the stake, and therefore represent loca-
tions of a parcel of glacier ice, assuming that the
bottom of the stakeisfixedintheice. Possiblesink-
ing or rising of stakesis analyzed in the office by
comparing successive stake heights of unchanged
stratigraphic horizons (March 1998, p. 16-19).
Stake lean is determined by surveying two places
on the stake separated by about 1.5 to 2.0 m. One
of the surveying targetsis always chosen to be the
average surface of the glacier onthe stake. Survey-
ing this point produces a redundant determination
of the stake height of the glacier surface.

Surveyed targets must be carefully identified in
the field notes. For example, the two targets on a
single stake will be identified by the same stake
name, followed by the stake height of the target.
For example, if asurveying target isthe 6.5 m hole
inastakethat wasinstalled during 1998 near index
A, the notebook entry for the target will be desig-
nated 98-A-6.5m. Theglacier-surfaceheight onthe
stakeisawaysspecified asb’. Therefore, the note-
book entry for that target would be 98-A-b'’.

During the fall visit to the accumulation area,
stratigraphic markers are placed on the summer
surface. A 1.5 m square of plywood with aholein
the center is placed over some of the stakes. Some-
times sawdust isspread in arecorded direction and
distance from astake. Spring snow depth and year-
end firn accumul ation are determined by coring or
steam drilling as deep as the plywood, or by dig-
ging asnow pit or coring to the sawdust. After the
summer surfaceisunambiguously identified, snow
probing can be used to determinethe average depth
for the area near the index site. However, snow
probing, especially intheaccumulation area, isnot
alwaysreliable and must be verified by somedirect
observation. Steam drilling to plywood is a quick
way to measure seasonal snow as deep as 10 m.

Snow and firn densitiesare commonly measured
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in snow pitswhere acontinuous column of snow is
sampled asthepitisdug. Coresampling for density
is generally less accurate than sampling in a pit
wall because some snow isinvariably lost and the
depth of the retrieved sample can be questionable.
Continuous-penetration snow-core samplers work
well when snow depths are less than afew meters,
but tend to compress|ow-density layers deep with-
in the snow, which can make it difficult to be sure
that the entire snow thickness has been sampled.
When the snow is more than about 5 m deep, con-
tinuous-penetration samplers are difficult to drive
through the entire depth.

The temperature of the snow-firn interface is
measured in snow pits or cores during the spring
visit. This interface temperature is used for esti-
mating the amount of internal accumulation that
will occur (Trabant and Mayo 1985, p. 113-117).
Assessment of internal accumulation is a routine
part of the mass-balance anaysis of glaciers in
Alaska (March 1998, p. 19).

Before leaving a measurement site, the final
notebook entriesrecord thetotal length of all stakes
and the type and location of stratigraphic markers.
Stake lengths are usually adjusted during each vis-
it. During fall or early winter visits, stakes are ex-
tended; during spring and early summer visits,
stakes are usually left shorter than they were when
found.

Large and high-latitude glaciers

On the largest glaciers in Alaska and those at the
highest latitudes, the traditional definitions of firn
and summer surface, which are fundamental to the
stratigraphic interpretation of net balances, be-
comeill-defined. Thedefinitionsbegintofail inthe
upper parts of Benson’s (1959, p. 25; see a so Cof-
finetal. 1990, p. 220) percolation facies and com-
pletely fail abovethedry-snow lineinthedry-snow
facies. In the mountains near the southern gulf
coast of Alaska, the separation between the perco-
lation and dry-snow facies (the dry-snow line) oc-
curs at about 3000 m altitude. Many of the large
glaciers near the southern gulf coast of Alaska
reach 3500 to 4000 m atitude and have large parts
of their accumulation areas near or above the dry-
snow line (for example, ColumbiaGlacier; Trabant
and Mayo 1985, p. 116). The altitude of the dry-
snow line decreases with latitude (see Benson
1967, p. 1048) so the accumulation areas of most
of the glaciers in the Brooks Range of northern
Alaskaare near or abovethe dry-snow line. Where
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accumulation areas are near or above the dry-snow
ling, ‘summer’ melt seldom wets more than the up-
per few millimeters of snow, and melt surfaces are
repeatedly buried by fresh snowfalls. In these are-
as, some‘firn’ layers (snow that has survived some
‘summer’ melt) may be only a few days old and
multiple ‘summer surfaces are formed each year.
Depth hoar, the natural stratigraphic marker of
Greenland and Antarctica, isformed in the Brooks
Range glaciers and can commonly be used to iden-
tify summer surfaces. However, in the relatively
warm, high-precipitation maritime climate near
the gulf coast of Alaska, depth hoar rarely develops
in the snow pack. On these glaciers, a dated artifi-
cia, or unique, stratigraphic marker must be in
place and must be recovered in order to define the
net mass balance.

Passive stratigraphic markers such as sawdust,
plywood, dyes, and deeply colored, powdered fruit
drink concentrates have been successfully used on
the benchmark glaciersaswell ason glaciers stud-
ied for special projects. The passive marker is
placed on the surface in the accumulation area at a
specifiedlocation, usually near abalance stake, and
serves as an indisputable, absolutely dateable,
stratigraphic marker. However, where annual accu-
mulations approach 5 m depth (for example, on
Columbia Glacier; Trabant and Krimmel 1997)
balance stakes are buried or do not survive and the
location of the passive marker may be lost.

Active markers are used to help recover thelo-
cations of passive stratigraphic markers on large
glacierswith heavy snow accumulations. Both ra-
dio beacon transmitters and strong magnets have
been used. Theradio beacons, originally designed
for tracking large animal s and fish, were modified
by increasing the length of the antenna and the
size of the battery. These modifications extended
their range, especially when buried by snow, and
their operational life. A receiver with adirectional
antennaand fiel d-strength analyzer can be used to
quickly locate transmitters with enough accuracy
so that a snow pit or core will encounter a strati-
graphic mark that is 10 m in diameter. Another
‘active’ marker is strong permanent magnets | eft
at the site of the passive marker. Magnets can be
located by mapping the magnetic anomaly with a
magnetometer that has a sensitivity of afew gam-
mas (Harrison et al. 1978). An additional benefit
of using magnets is that the depth to the magnets
can be calculated from the geometry of the field
strength measurements. On Columbia Glacier,
the technique was verified by digging to and re-
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covering magnets after one year’s accumul ation.
On the other hand, mapping the magnetic anom-
aly can be completely frustrated if the Earth’'s
magnetic field is rapidly fluctuating. Further-
more, the magnetic anomaly may be relatively
small, especially if the magnetsare deeply buried.
This means that the magnetic search must begin
near the magnetsor they will never befound. Both
radio beacons and magnets were used on Colum-
bia Glacier during the study period (Mayo et al.
1979), but were not mentioned as field tech-
niques. Radio beacons and magnets have been
successfully located for periodsaslong as 3 years
and at depths as deep as 15 m.

Occasionally, natural stratigraphic markers are
helpful. The August 18, 1992 eruption of a flank
peak on Mt Spurr Volcano deposited ash on Co-
lumbia Glacier. That ash was easily identified in
crevasses throughout the accumulation area of Co-
lumbia Glacier during August 1997. Measure-
ments to this absolutely dateable ash horizon vali-
dated interpretation of the intervening stratigraphy
at nine sites, spanning 1500 m dtitudein the accu-
mulation area of Columbia Glacier (Trabant and
Krimmel 1997).

Office procedures

In the office, field notes are transferred to compu-
terized spreadsheets for analysis, release on the
World Wide Web (http://ak.water.usgs.gov/glaci-
ology/), and archival storage. The spreadsheets
have error traps to help eliminate field-note blun-
ders and transcription errors. Computerized
spreadsheets also promote consistent analysis.
Thisconsistency isespecially important when sev-
era people areinvolved in the collection and anal -
ysis of mass-balance data. Directly measured data
are given higher priority than estimated values in
the spreadsheet-based analysis.

The surveying and mass-balance measurements
areclosely integrated inthe spreadsheet analysis of
mass balance and glacier motion. This combined
analysisallows correcting balance readings for the
effects of stake deformation (lean, bend, or bow)
before mass balance calculations are begun. For
example, stakeleanismathematically corrected by
using the two surveyed points on the stake and by
assuming that the base of the stake has not moved
relative to the surrounding ice. A corrected stake
height of the glacier surface (that is, a corrected
mass-balance reading) on a theoretical vertical
stake is calculated using the locally measured sur-
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face slope of the glacier (Mayo and Trabant 1982,
p. 7-9). If stakedlip or rise, rel ativeto the surround-
ingice, isdetected, the dip or rise effectisalso re-
moved before mass balance cal culations begin. An
integral part of the spreadsheet analysisisahistory
of the bendsin each stake. The bend history isused
when determining the three-dimensional location
of the base of the stake and for correcting the stake
height of theglacier surfacefor mass-balance read-
ings. A ‘bow’ is a deformation that is within the
elagtic limits of the stake; that is, a deformation
from which the stake will recover on its own. Bow
solutions are usually applied when spring snow-
packs deform stakes that are later found to be
straight after the snowpack melts.

Point mass balances

Because mass-balance field measurements are
made relative to time-transgressive stratigraphic
horizons (summer surfaces), adjustments must be
made each year to determine the maximum winter
balance, net balance, and fixed-date annual bal-
ance. Furthermore, field visits seldom coincide
with the exact beginning and end of the stratigraph-
ic (net-balance) or hydrologic (fixed-date or annu-
a-balance) year. Indeed, in Alaska, on al but the
smallest glaciers, it is rare that the stratigraphic
year ends simultaneously over the entire glacier.
Evenonrelatively small glaciers, like Gulkanaand
Wolvering, it is much more common for new snow
to begin accumulating on the upper parts of agla-
cier several weeks before ablation ends at the low-
est dtitudes. This results in a time-transgressive
summer surface (stratigraphic horizon) that repre-
sents ‘the end of the net-balance year’. Choosing a
single, glacier-average datefor theend of the strati-
graphic year and adjusting field measurements to
the glacier-average date is done with asimpletem-
poral-balance model.

A simple temporal-balance model is used to
make the temporal interpolations that are neces-
sary for evaluating the index-site balances: maxi-
mum winter balance, net balance, and annual bal-
ance. Modeled extrapolations are never published;
data releases are always delayed until a bounding
measurement has been made that will support in-
terpolation with the temporal-balance model. The
two-parameter linear model relates measured air
temperature and precipitation to the measured
mass-balance change at each index site (March
1998, p. 16—-20). Temperatureislapsed fromthere-
corder altitude using the wet-adiabatic | apserate of
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—0.66°C per 100 m dtitudeincrease. Themodel es-
timates glacier ablation at the rate of about 3.5 to
5 mm water equivalent per degree Celsius above
0°C per day when the surface is snow, and twice
that when the surfaceisice or old firn. Glacier ac-
cumulation is estimated by the model to be 1.5 to
4.0 times the precipitation-gage catch when the
lapsed temperature at the siteisbelow 1.8°C. Melt
(ablation) rates and the precipitation-catch multi-
pliers are not fixed. Unique values are determined
for each measurement period at each index site, so
the modeled balances always agree with the meas-
ured balances. Thus, the model only temporally
distributes the measured balance change at each
site. The tempora corrections tend to be small;
neverthel ess, they reducethe uncertainty of thebal-
ance values assigned to each measurement site.

In an attempt to minimize errors and eliminate
blunders, the stake height of the previous summer
surfaceis calculated from the snow depth and bal-
ance reading for every visit. Barring stake slip or
firn compaction, these assessments of the stake
height of the summer surface should agree. They
seldom do agree, however, and the generally ran-
dom nature of the variation suggests that sampling
error is the cause. In the spreadsheet analytical
scheme, the measurements are combined using a
weighted average. The weight for each measure-
ment is proportional to the number of observations
that were combined in the measurement. Making
redundant field observations and combining them
helps to eliminate field-note blunders. Further-
more, increasing the number of independent obser-
vations increases confidence in the value of the
stake height of the summer surface. Redundant
measurements are well worth the field time neces-
sary to make them.

Winter balance. Mayo et al. (1972) defined three
‘winter’ balances in the stratigraphic system: the
measured winter snow bal ance, the maximum win-
ter snow balance, and the winter balance. The
World Glacier Monitoring Service (WGMS) pub-
lishes a“‘winter’ balancesthat is not clearly any of
the ‘winter’ balances defined by Mayo et al.
(2972).

The measured winter snow balance (Mayo et al.
1972) isalatewinter or spring measurement of the
snow that is above the time-transgressive summer
surface. Themeasurement ismadein ashort period
of time and is intended to document snow depths
while it is near its seasonal maximum throughout
the glacier area. The measurement is usually made
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shortly before melting begins on the lowest part of
the glacier. The measured winter snow balance is
often reported as the ‘winter’ balance. However, it
is not a verified maximum balance.

The maximum winter snow balance of Mayo et
al. (1972) is defined as the maximum snow mass
during the balance year. On glaciersin Alaska, the
instantaneous maximum snow balance usually oc-
curs after there has been substantial melt of the
snow (and sometimes glacier ice) at low altitudes
on the glacier. The maximum winter snow balance
occurslater inthe spring on glaciersthat havelarge
altitude ranges, because the accumulation season
lastslonger with altitude and the area of the lowest
partsof theglaciersarerelatively small. Therefore,
the relatively small mass of snow lost low on the
glacier is easily compensated by accumulation in
thelargest areas high on the glacier. The maximum
winter snow balance is rarely directly measured
and evenif it was, atemporal-balance model would
be necessary to verify it. After the time of occur-
rence of the maximum winter snow balance has
been determined by temporal-balance modeling,
the balance change between the time of the meas-
ured winter snow balance and the time of the gla-
cier-averaged maximumwinter snow balanceises-
timated for each measurement site using the tem-
poral-balance model.

The winter balance is defined by Mayo et al.
(1972) asthe maximum balancerelative to the bal-
ance at the time of the previous glacier-averaged
seasonal minimum balance. The time of the gla-
cier-average minimum was modeled because the
time-transgressive seasonal minimum is seldom
measured and never confirmed without modeled
verification. The same istrue for defining the time
and magnitude of the glacier-averaged maximum.

Internal accumulation. Internal accumulation is
the combination of two mechanisms by which wa-
ter is permanently captured by cold firn. The first
component isthe amount of water frozen immedi-
ately when water percolates into cold firn and
freezes. Surprisingly, thiswidely recognized com-
ponent is the smaller of the two. The larger com-
ponent is the amount of water that is retained as
surface and capillary liquids. The capillary water
will be frozen during the following winter. The re-
leased heat of fusion will help sustain strong tem-
perature gradients across the thin fall snow cover.
A strong temperature gradient promotes depth hoar
devel opment which formsthe natural stratigraphic
marker. The annual quantity of internal accumula-
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tion is estimated using the annual minimum tem-
perature of the snow—firn interface as defined by
Trabant and Mayo (1985).

Errors. In an attempt to reduce errors, measure-
ment sites are treated assmall areas25-75minra-
dius, over which samplesare taken and the balance
isaveraged. The areais chosen to be large enough,
and enough samples are taken in the area so that
when a quantity, such as snow depth, is averaged,
the error caused by the glacier-surface and sum-
mer-surface roughness (up to several meters on
some glaciers) is small. Nevertheless, errors arise
from acombination of the errorsin stake measure-
ments, snow and firn densities, snow depth, and
quantifying internal accumulation and ablation.
Most of the sampling error must be estimated be-
cause the number of independent samplesisinsuf-
ficient to warrant rigorous error analysis. For ex-
ample, seldom are there more than two balance
stakes or morethan one snow-density pit at ameas-
urement site. Applying corrections for leaning,
bent, and bowed stakes hel ps reduce the measure-
ment bias and errors. Furthermore, the redundant
measurements are known to have eliminated blun-
ders that would have otherwise been incorporated
into the data set but, again, these defy rigorous er-
ror analysis. The standard errors of rigorously an-
alyzedindividual elements of the massbalance are
included in the spreadsheet output (for example,
see March 1998, p. 17). Thefina site balances are
assigned an error of 0.2 mwater equivalent onthe
basisof how the currently used area-weighting fac-
torsreproducethebalancesfor themostintensively
sampled and mapped balance anaysis years of
1966 and 1967.

Glacier and basin mass balance

Glacier and basin mass balances are calculated
from the measured site data by common area-inte-
gration techniques (for example, March and Tra-
bant 1996, p. 15-22). Each site balanceisassumed
to be the average balance for some part of the gla-
cier. The percentages change as the site atitudes
and the glacier area—dltitude distribution change
with time.

Internal ablation. The glacier-average internal ab-
lationiscal culated by combining the effect of three
internal and sub-glacial energy sources: geother-
mal heat, potential energy lost because of ice mo-
tion, and potential energy lost by water flowing
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through the glacier (Mayo 1992). Geothermal heat
flow is assumed to be 1.2 pcal/cm?s. The potential
energy lost by icemotion isestimated by assuming
a dynamic equilibrium in which the glacier annu-
ally transports the long-term average firn balance
from the accumulation area to the ablation area.
The altitude lossis assumed to be the difference of
the area-weighted average altitude of the accumu-
lation area and the area-weighted average dtitude
of the ablation area. The potentia energy lost by
water flowing through and under the glacier ises-
timated by assuming that 95% of the basin runoff
descendsfrom the EL A to the terminus. At Gulka
na Glacier, the area-averaged melting caused by
the three components for 1993 were evaluated by
March and Trabant (1997): geothermal heat flow
produced 0.005 m/year water equivalent; ice mo-
tion produced an estimated 0.005 m/year water
equivalent; and flowing water produced 0.06 m/
year water equivalent.

Errors. An unavoidable consequence of areainte-
grationisthat the possibility of rigorouserror anal-
ysis ends when area integration begins. Unassess-
ableerrorsof extrapolation and areaintegration re-
duce confidence in the glacier and basin mass bal-
ances. There is seemingly no rigorous way to
assesstheerror of theglacier-averaged or basin-av-
eraged mass balance by analysis of the input data
alone.

Assessment of the errors in the area-averaged
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mass bal ances requires an independent determina-
tion of arelated quantity. At onetimeit was hoped
that the hydrologic balance would serve asan error
checking — validation companion to mass-balance
programs. However, it became apparent that large
errors in both data sets preclude all but the most
general mutual verification. Another possibility is
to measure glacier volume changes over 5- or 10-
year periods. Several methods are applicable.
Carefully controlled photogrammetric analysis of
large-scale stereo aeria photography, carefully
controlled geodetic surveys, airborne laser-altime-
ter profiling, and satellite remote sensing of gla-
ciers are each capable of determining volume
changes of glacierswith sufficient accuracy so that
cumulative errorsin the surface mass balance data
can beanalyzed. Inthe near future, satelliteremote
sensing data are expected to provide seasonal as-
sessments of glacier volume change.

Cumulative net mass balance bias and glacier
volume changes

The difference between the cumulative net mass
balance and measured volume change of Wolver-
ine Glacier for an 11-year period suggests that
thereisabiasin the eval uation of net massbalance.
Wolverine Glacier isthe only glacier in Alaskafor
which avolume change has been used to evaluate
cumulative biases in annual mass balances. Geo-
detic surveys on Wolverine Glacier during 1974
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Cumulative Net Mass Balances for Wolverine Glacier

Glacier-Wide

NET MASS BALANCE,
IN METERS OF WATER

Fig. 4. Cumulative net mass bal-
ances measured at a site near the
Equilibrium Line Altitude (ELA)
of Wolverine Glacier and the gla-
cier-wide mass balance for Wol-
verineGlacier. Notethat thereisno
period of mass increase suggested
by the measurement series made
near the ELA. The measurements
made near the ELA become more
negative with time because the
measurement site is a little below

1965 1970 1975 1980 1985

and 1985 were directly compared at 66 locations
along one longitudinal and three transverse pro-
files. From these comparisons, a net volume in-
crease of 55 x 10% m® was estimated for the period
(Mayoetal. 1985). Thegeodetically measured vol-
ume increase amounts to an average thickening of
3.0+ 0.7 m (2.6 mwater equivalent) for Wolverine
Glacier. The cumulative net mass balance for the
period was 7.7 m water equivalent. Therefore, an
adjustment of —0.46 m/year wasdetermined for the
net mass balance for the period between 1974 to
1985. Thisadjustment makesthe surface mass bal -
ance more negative, which hel psreducethewidely
observed difference between the hydrologic and
surface mass balance.

When using measured volume changes to cor-
rect mass balance, consideration must be given to
the fractional part of ayear that separatestwo gla-
cier-surface altitude determinations and changesin
the average density of a glacier. The effects of a
fractional part of a year that is part of a volume-
change interval must be removed. The fraction of
ayear is important because the seasonal atitude
variations caused by mass balance and glacier flow
may be relatively large compared to the change
during aperiod of years (Mayo and Trabant 1986).
Furthermore, glaciers that are losing mass have
higher bulk densitiesthan glaciersthat areincreas-
ing in volume (Krimmel 1989).

M easurements of the gradual volume change of
glaciers are areminder of the importance of regu-
larly updating the area—dltitude distribution used

786

thecurrent ELA. Thedataperiodis

1966 to 1998.

1990 1995 2000

for integrating measurements with areafor glacier
and basin values. Often, year-to-year changes are
negligibly small and appropriately ignored. How-
ever, after 5 or 10 years of a continuous mass-bal-
ancetrend, the cumul ative effect must be evaluated
and a correction retrofit into the interpreted data,
thereby removing abiasin thereported values. Fur-
thermore, because of analytical errors, meaningful
changes in the volume, and therefore the area—al -
titude distribution, of aglacier may only be assess-
able after 5 or 10 years. This meansthat area-inte-
grated mass balances must be revised retrospec-
tively as changes in the area—altitude distribution
are defined. In another approach, Krimmel (1996)
has demonstrated the use of annual aerial photo-
grammetric analysis for area—altitude integration
of mass balance measurements, thus avoiding the
necessity of revising previously reported glacier
and basin mass balances.

M ass-balance for climate correlations

If investigation of the relation between mass bal-
ance and climate is the principal god, it isimpor-
tant that along-term mass-balance data set contain
as few random errors, biases, and hidden assump-
tions as possible. With this goal in mind, the orig-
inal objectives of this section of the report were to
(1) demonstrate the close correlation between net
mass balance measured near the equilibrium line
and the net mass balance of the glacier (Fig. 3); (2)
suggest that the directly measured data are better

Geografiska Annaler - 81 A (1999) - 4



MASS-BALANCE MEASUREMENTS IN ALASKA

Cumulative Normalized ELA Net Mass Balance,

Wolverine Glacier, Alaska
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the Equilibrium Line Altitude ; H
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for correlation with climate variations than are the
area-integrated values that incorporate possible
bias and unassessabl e extrapolation errors; and (3)
propose that the minimum mass-balance program
needed for correlation with climateisan intensive-
ly measured site near the equilibrium line of agla-
cier somewhat similar to that proposed by Koerner
(1986).

However, despite strong correlations between
the annual net mass balances measured near the
ELA and the glacier-averaged net mass balance
(0.84 at Gulkana Glacier and 0.91 at Wolverine
Glacier, Fig. 3), the cumulative net mass balance
for the sites near Wolverine Glacier's ELA does
not show the 1977-88 growth period (Fig. 4). The
overall negative trend of the measurementsis be-
cause the measurement site ‘near’ the ELA is ac-
tually in the upper part of the ablation area. The
trend was removed from the ‘near ELA’ data by
normalizing the measurements, and the normal-
ized series was accumulated and plotted (Fig. 5).
The graph (Fig. 5) of the cumulative normalized
datasuggeststhat Wolverine Glacier wasgrowing
during the period 1968 to 1988. Currently, no vol-
ume-change measurements confirm or deny gla-
cier volume increase during the 1968 to 1977 pe-
riod. However, measurements and observations
inthebasin agreewith growth only after 1977. All
three years (1968, 1977, and 1988) are recog-
nized transitionsin the climate of the north Pacif-
icbasin (seeFig. 2), specifically theAleutian Low
and Arctic Oscillation climate indices (Overland
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etal. 1999). The period of geodetically confirmed
growth of Wolverine Glacier occurred between
the 1976—77 and 1989 decadal shifts. During that
period, the Aleutian Low index reached the ex-
treme low values for the 20th century (Overland
et al. 1999, fig. 1a). During the 1968 to 1977 pe-
riod, theAleutian Low index was decidedly inthe
opposite state (the atmospheric low-pressure
centers were at anomalously high latitudes),
which should not have produced growth of Wol-
verine Glacier.

It is also increasingly important that seasonal
mass balances, as opposed to ‘annual’ values only,
bemeasured and reported and, that the evol ution of
data collection and analysis methods not destroy
the continuity of the results. Seasonal components
of glacier mass balance are fundamentally impor-
tant for correlations with climate indices (e.g.
Hodge et al. 1998). L ong-term mass-balance pro-
gramsinevitably evolveinboth field and analytical
methods. As these changes occur, retrospective re-
evaluation of previously reported results should be
expected and accepted by the community of data
USers.

Conclusions

The conclusion is that attempting climate correla-
tions with a time-series of measurements made
‘near’ the ELA, whether or not atrend has been re-
moved, is not advisable. Furthermore, it is likely
that three measurement sites—onelow in the abla-
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tion area, one near the ELA, and one in the accu-
mulation area— is the minimum number of meas-
urement points, even for relatively small glaciers.

Furthermore, measuring glacier responses to
climate-induced mass-balance changes requires a
commitment to long-term programs that measure
seasonal and annual mass balances. Glacier-cli-
mate programs must (1) be enduringly funded; (2)
regularly update the area—altitude distributions
used for the areaintegration of the balance meas-
urements at sites; (3) be carefully checked for the
effects of cumulative bias errors; and (4) ensure
that changes in analytical techniques do not dis-
rupt the continuity of the data set. Enduring fund-
ing may always be problematic. Updating the
area—dltitude distribution by remapping from aer-
ial or satelliteimage sources al so servesasacheck
on cumulative errors and changing analytica
methods. Remapping enables eval uation of the net
volume change of a glacier. If the measured vol-
ume change, carefully corrected for seasonal and
bulk density differences, isequal tothecumulative
mass balance for the same period, the suggestion
isthat the measured mass balances have no impor-
tant biaserrors. However, good agreement sayslit-
tle about the magnitude of randomly distributed
errors.

Dennis C. Trabant and Rod S. March, USGS Gla-
ciology, PO Box 75-7300 Fairbanks, AK 99775-
7300, USA.
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